C. elegans seu-1 encodes novel nuclear proteins that regulate responses to UNC-6/netrin guidance cues  by Zheng, Hong et al.
310 (2007) 44–53
www.elsevier.com/developmentalbiologyDevelopmental BiologyC. elegans seu-1 encodes novel nuclear proteins that regulate
responses to UNC-6/netrin guidance cues
Hong Zheng b, Ludivine Coudiere a, Cheryl Camia a, Antonio Colavita b,
Joseph G. Culotti b, David C. Merz a,⁎
a Department of Biochemistry and Medical Genetics, Faculty of Medicine, University of Manitoba, 770 Bannatyne Avenue, Winnipeg, Manitoba, Canada R3E 0W3
b Department of Medical and Molecular Genetics, Faculty of Medicine, University of Toronto, and Samuel Lunenfeld Research Institute,
Mount Sinai Hospital, Toronto, Canada
Received for publication 28 February 2007; revised 13 July 2007; accepted 14 July 2007
Available online 24 July 2007Abstract
In C. elegans, ectopic expression of the UNC-5 netrin receptor is sufficient to cause repulsion of growth cones and cells away from ventral
sources of the UNC-6/netrin guidance cue. A genetic suppressor screen identified the seu-1 gene as required for repulsion of touch neuron growth
cones ectopically expressing unc-5. We report here that seu-1 mutations also enhance the frequency of distal tip cell migrations of unc-5 or unc-
40 mutants. The seu-1 gene encodes two novel proteins (SEU-1A and SEU-1B) containing a charged central domain and several regions of low
amino acid complexity. Transgenic rescue experiments indicate that seu-1 can act cell autonomously in the touch neurons and distal tip cells and
that SEU-1 function requires both the SEU-1A and SEU-1B isoforms. A GFP fusion construct was expressed in a dynamic pattern throughout
development and localized in the nuclei of neuronal and non-neuronal cells, including gonadal leader cells. These results implicate nuclear SEU-1
in the interpretation of UNC-6/netrin directional information by migrating growth cones and cells.
© 2007 Elsevier Inc. All rights reserved.Keywords: Distal tip cells; Netrins; C. elegans; Cell migration; Axon guidanceIntroduction
Defects in cell migrations underlie many human disorders,
including the inherited DiGeorge Syndrome, Waardenburg
Syndrome, and lyssencephalies as well as tumor progression to
malignancy and metastasis. Understanding the regulation and
guidance of migrating cells is important for both developmental
biology and medicine. The paths taken by migrating cells and
neuronal growth cones are dictated by several highly conserved
families of extracellular guidance cues, including the UNC-6/
netrins (Ishii et al., 1992; Serafini et al., 1994; Kennedy et al.,
1994), semaphorins (Kolodkin et al., 1992, 1993; Luo et al.,
1993), Slit (Rothberg et al., 1990; Brose et al., 1999), and
ephrins (Drescher et al., 1995). In the nematode C. elegans,
dorsoventral growth cone migrations depend upon at least three⁎ Corresponding author. Fax: +1 204 789 3900.
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doi:10.1016/j.ydbio.2007.07.014of these distinct guidance mechanisms: the UNC-6/netrin (Ishii
et al., 1992; Wadsworth et al., 1996), Slit/Robo (Zallen et al.,
1998; Hao et al., 2001), and ephrin systems (Zallen et al., 1999).
Mutations in ventrally expressed unc-6 disrupt the navigation of
migrating cells and growth cones in both ventral-to-dorsal and
dorsal-to-ventral directions (Hedgecock et al., 1990; Wadsworth
et al., 1996). Mutations in sax-3, which encodes the C. elegans
ortholog of the Slit receptor Robo, or vab-1, which encodes an
Eph receptor tyrosine kinase (George et al., 1998), cause defects
in growth cone migrations toward the ventral midline (Zallen et
al., 1998). Each of these guidance systems also contributes to
the regulation of crossing of the ventral midline by growth
cones (Zallen et al., 1999; Wadsworth et al., 1996). Another
candidate dorsoventral axis guidance cue in C. elegans is UNC-
129, a member of the Transforming Growth Factor-β (TGF-β)/
Bone Morphogenic Protein (BMP) family (Colavita et al.,
1998). Mutations in dorsally expressed unc-129 affect only
growth cone migrations toward the dorsal midline (Colavita
et al., 1998).
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cues through two distinct transmembrane receptors: UNC-5
(Leung-Hagesteijn et al., 1992; Leonardo et al., 1997) and
UNC-40/Dcc (Chan et al., 1996; Keino-Masu et al., 1996).
Phenotypic analyses in C. elegans indicate that mutations
affecting the UNC-5 receptor subtype disrupt repulsion away
from UNC-6 (Hedgecock et al., 1990; Leung-Hagesteijn et al.,
1992). In contrast, mutations affecting the UNC-40 receptor
disrupt both attractive and repulsive responses to UNC-6
(Hedgecock et al., 1990; Chan et al., 1996). Many potential
downstream effectors of UNC-5 and UNC-40/Dcc have been
identified, suggesting multiple mechanisms through which the
UNC-6/netrin system regulates the cytoskeleton. For example,
there is evidence that attraction mediated through the UNC-40/
Dcc receptor requires downstream signaling by cytosolic Ca++
(Hong et al., 2000), MAPK (Forcet et al., 2002), Enabled (Gitai
et al., 2003), the Rac1 and Cdc42 GTPases (Li et al., 2002a),
and the SH2/SH3 domain adapter Nck (Li et al., 2002b).
Repulsion through UNC-5 can be mediated by direct, UNC-6/
netrin-dependent interactions between the cytoplasmic domains
UNC-5 and UNC-40/Dcc (Hong et al., 1999) and may involve
the SHP2 tyrosine phosphatase (Tong et al., 2001). Adding
further to the complexity of this system, the nature of the
response (attraction versus repulsion) mediated through the
UNC-40/Dcc receptor can be switched in vivo by the co-
expression of unc-5 (Colavita and Culotti, 1998; Hong et al.,
1999) and in vitro by altering ECM molecules (Höpker et al.,
1999), or activities of cyclic nucleotide-mediated signaling
pathways within the growth cone (Ming et al., 1997; Song et al.,
1998).
The touch neurons of C. elegans (ALML/R, AVM, PLML/
R, and PVM) have laterally positioned cell bodies and extend
axons directly toward the anterior (ALML/R and PLML/R) or
ventrally then toward the anterior within the ventral nerve cord
(AVM and PVM; Chalfie and Sulston, 1981). Mutations in
either unc-6 or unc-40 cause a low frequency of defects in the
ventrally oriented axonal projections of the AVM or PVM touch
sensory neurons (Hedgecock et al., 1990). Ectopic expression of
a transgene encoding the UNC-5 guidance receptor in the touch
neurons is sufficient to override endogenous guidance programs
and direct the touch neurons axons toward the dorsal nerve cord
(Hamelin et al., 1993). These aberrant growth cone migrations
caused by ectopic UNC-5 are dependent upon directional
information from the UNC-6 guidance cue (Hamelin et al.,
1993).
A genetic screen for suppressors of the axon guidance errors
caused by ectopic UNC-5 expression identified six genes, in
addition to the expected unc-6 and unc-40, whose products are
required for the signaling of repulsion by UNC-5 in the touch
neurons (Colavita and Culotti, 1998; reviewed in Merz and
Culotti, 2000). These include unc-44/ankyrin (Otsuka et al.,
1995), unc-34/Enabled (Gitai et al., 2003), unc-129/BMP
(Colavita et al., 1998), and three novel suppressors of ectopic
UNC-5 (Seu) genes: seu-1, seu-2, and seu-3. The products of
these suppressor genes may be integral components of the
mechanism through which UNC-6 repels growth cones.
Alternatively, they could contribute to parallel regulatory ordorsoventral guidance systems. Based on cellular localization
and known roles in migration and guidance, the cytoplasmic
proteins UNC-44/Ankyrin and UNC-34/Enabled could act
directly as part of this signal transduction mechanism (Gitai et
al., 2003). To learn more about the function of UNC-5 in growth
cone guidance, we have cloned the seu-1 gene. We report here
that it encodes two isoforms of a novel nuclear protein
characterized by homopolymeric stretches of amino acids and
a large central charged domain. We present evidence that SEU-1
is involved in the interpretation of the UNC-6 guidance cue by
migrating growth cones and gonadal leader cells.
Materials and methods
Nematode strains
Worm strains were maintained as previously described (Brenner, 1974) and
some strains were obtained from the Caenorhabditis Genetics Center, which is
funded by the NIH National Center for Research Resources (NCRR). The
generation and characterization of some transgenic arrays and strains used here
have been previously described. evIs55 (Colavita and Culotti, 1998) is an
integrated array of mec-7::lacZ (Hamelin et al., 1993) and the pH86 plasmid,
containing the wild-type dpy-20 gene. evIs41 (Colavita and Culotti, 1998)
contains an integrated array of mec-7::unc-5 (Hamelin et al., 1993), mec-7::
lacZ, and pMH86 integrated on Linkage Group (LG) V. Additional transgenic
strains were generated by germline transformation using the gonad injection
method previously described (Mello and Fire, 1995). The co-injected marker in
each case was pRF4. pag-1(ls2), a mutation that increases expression levels of
transgenes under the control of mec-7 regulatory sequences (Xie et al., 1995),
was included in all genetic backgrounds containing mec-7::lacZ and/or mec-7::
unc-5 transgenes.
unc-5 seu-1 double mutants were generated by selecting Unc-5 non-Unc-44
recombinants from unc-5 unc-44 +/+ + seu-1 strains then selecting for homo-
zygous Unc-5 non-Unc-44 lines. The genotypes of seu-1 double mutant strains
were verified using seu-1 allele-specific PCR primers (sequences available from
J.G.C. on request).
Molecular biology
The YAC derivative yAD4 (15 kb insert) was generated by homologous
recombination from Y48F8 (provided by A. Davies). The plasmid pZH74
contains a 9.5 kb XbaI fragment from genomic phage clone λEH11, including
the complete genomic sequence of seu-1. pZH82 (seu-1A::GFP) contains the
GFP cassette of pPD95.77 (provided by A. Fire) cleaved at the upstream SmaI
site and ligated to a filled BamHI site within the coding sequence of seu-1. The
final construct contains 4 kb of genomic sequence upstream of seu-1 and fuses
GFP after amino acid S537 of SEU-1A. pZH83 (mec-7::seu-1B) and pZH84
(mec-7::seu-1A) were constructed by fusing the 0.85 kb mec-7 promoter
(Hamelin et al., 1993) to seu-1 cDNAs. An artificial NcoI site was generated at
the initiator methionine of seu-1A and seu-1B cDNAs. The seu-1B cDNA was
obtained from yk361h5 (provided by Y. Kohara), while the seu-1A cDNA was
obtained by RT-PCR.
pZH85 contains a unc-40 minigene fused to GFP placed downstream of a
2.6 kb fragment of unc-5 promoter driving expression in the DTCs beginning
with the initiation of the second migration phase. The construct used (also called
pZH85CR) is corrected for a small in-frame deletion present in the original
(Merz et al., 2001). pZH85 was injected at a concentration of 80 ng/μl along
with pTG96 (sur-5::GFP; 20 ng/μl) as a co-transformation marker (Yochem et
al., 1998). pLC1 and pCC12 contain seu-1A and seu-1B cDNAs (respectively)
fused to the 2.6 kb unc-5 promoter. These were injected at a concentration of
40 ng/μl along with pTG96 (20 ng/μl). In each strain only GFP expressing
animals were scored.
cDNAs yk361h5 and yk246f1 (provided by Y. Kohara) were fully
sequenced and found to represent the seu-1B transcript, while the larger seu-
1A transcript was sequenced from RT-PCR products. Northern blot analysis
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conformation polymorphism (SSCP) analysis of seu-1 coding sequence and
DNA sequencing was as previously described (Steven et al., 1998). Base pair
changes found in seu-1(ev520) (CGA-TGA; C571T) and seu-1(ev529) (CAA-
TAA; C1888T for seu-1A, C1540T for seu-1B) were both C–T transitions
typical of EMS mutagenesis. No mutations in seu-1 coding sequence were
found in the ev572 allele. This allele fails to complement ev520 for the
suppression of mec-7::unc-5 (D.C.M., data not shown) and exhibits a Daf-d
phenotype.
β-galactosidase staining
Staining for β-galactosidase expression was carried out using a modified
version of the protocol previously described (Su et al., 2000). Worms were fixed
with 2% paraformaldehyde in ice-cold MRWB [80 mM KCl, 20 mM NaCl,
10 mM Na2EGTA, 5 mM spermidine HCl, 15 mM PIPES (pH 7.4), and 25%
methanol] for at least 30 min at 4 °C then washed in TTB (100 mM Tris HCl pH
7.4, 1% Triton X-100, 1 mM EDTA) several times and left at room temperature
in TTB for 1 h. After washing with water, reaction buffer [per 1 ml: 620 μl H2O,
250 μl 0.8 M Na phosphate (pH 7.5), 2 μl 1.0 M MgCl2, 4 μl 1% SDS, 100 μl
Redox Buffer (50 mM each potassium ferricyanide and potassium ferrocyanide)
and 20 μl 2% X-Gal in N,N,-dimethyl formamide] was added and worms were
incubated overnight at 37 °C.
Scoring of migration phenotypes
All scoring of touch neuron axons was carried out using GFP or LacZ
reporter constructs. As in previous reports (Colavita and Culotti, 1998), ALML,
ALMR, and AVM neurons were scored for anterior, ventral, or dorsal projection
of the single axon. We find that when LacZ staining is sub-optimal it is the AVM
axon that is most difficult to detect with certainty. In addition, many of the
transgenic strains used here exhibit subtle defects in positioning of neuronal cell
bodies that complicate the distinction of ALMR and AVM. Thus, we have not
drawn conclusions about frequencies of ventralward projections in these strains.
Preliminary analyses with GFP reporter constructs indicate no significant effects
on ventralward axonal projections of seu-1 mutants or of transgenic lines
overexpressing seu-1 in the touch neurons (data not shown).
Distal tip cell (DTC) migration defects caused by unc-5mutations have been
described in detail elsewhere (Hedgecock et al., 1990; Merz et al., 2001). ForFig. 1. seu-1 is required for dorsally oriented projections caused by ectopic express
visualized using an mec-7::lacZ reporter gene (in the evIs55 transgenic strain), w
indicated by arrow) or ventrally (e.g. AVM neuron indicated by arrowhead). (B) Ectop
touch neuron axons. Shown is the evIs41[mec-7::unc-5; mec-7::lacZ] strain. (C) seu
strain. (D) seu-1 mutations cause no significant axon guidance defects on their own.
grossly normal. Scale bar in panel D represents 50 μm.each strain, the morphology of the gonadal defect was confirmed with using DIC
optics with an inverted or compound microscope. The penetrance of DTC
migration defects was determined using a stereomicroscope. All strains were
incubated at 20 °C except where otherwise noted. Standard errors for
frequencies of DTC defects were calculated using the observed frequency and
the actual sample size, assuming a binomial distribution. Comparisons between
frequencies were done using a standard t-test (one-tailed) for comparing two
proportions. A p value of 0.05 was considered significant.
Results
seu-1 affects gonadal leader cell migrations
Mutations at the seu-1 locus were initially identified as
strong suppressors of the dorsally oriented axonal projections
caused by ectopic expression of a unc-5 cDNA in the touch
neurons of Colavita and Culotti (1998) (Figs. 1A–C). All three
seu-1 alleles also exhibit incompletely penetrant defects in body
length and in entry into the dauer larval stage under starved
conditions. Although seu-1 mutants exhibit a mildly uncoordi-
nated (Unc) movement, commissural motor neurons, which
require endogenous UNC-5 and UNC-6 to reach the dorsal
nerve cord, are grossly normal in an seu-1 background (Colavita
and Culotti, 1998). We also examined the ventrally oriented
axons of AVM touch neurons using an mec-7::lacZ reporter
gene and found no significant defects (n=100; Fig. 1D). The
pattern and intensity of expression of a unc-5 reporter construct
were also normal in the seu-1 mutant background (data not
shown) indicating that transcription of the endogenous unc-5
gene is not affected.
Like commissural motor neurons, gonadal leader cells in
C. elegans require the UNC-6 guidance system for a ventral-to-
dorsal migration phase. In the seu-1(ev520) genetic back-
ground, hermaphrodite distal tip cell (DTC) migrations usuallyion of UNC-5. In all panels, anterior is to the left and dorsal is on top. (A) As
ild-type touch neuron axons project either longitudinally (e.g. ALMR neuron
ic expression of unc-5 in the touch neurons causes dorsally directed projection of
-1(ev520) mutation suppresses dorsally directed axonal projections in the evIs41
Nervous system morphology in an seu-1(ev520); evIs55[mec-7::lacZ] strain is
Table 1
Genetic interactions between seu-1, unc-5, and unc-40 in DTC migrations
Strain %ANTa %POST n
N2 0 0 1000
seu-1(ev520) 1 2±1 515
seu-1(ev529) 0 0 500
seu-1(ev572) 0 b1 200
unc-5(ev585) [hypomorph] 9±1 42±2 697
unc-5(ev585) seu-1(ev520) 16±2⁎⁎ 70±2⁎⁎ 553
unc-5(ev585) seu-1(ev529) 15±2⁎⁎ 68±2⁎⁎ 459
unc-5(e53) [null] 20±3 59±3 229
unc-5(e53) seu-1(ev520) 35±3⁎⁎ 70±3⁎ 291
unc-5(e53) seu-1(ev529) 31±2⁎ 71±2⁎⁎ 414
unc-40(e1430) 3±1 16±2 246
unc-40(e1430); seu-1(ev520) 4±1 16±2 551
unc-40(e1430); seu-1(ev529) 6±1⁎ 19±2 307
unc-40(e1430); unc-5(e53) 45±3 81±2 317
unc-40(e1430); unc-5(e53) seu-1(ev520) 41±3 76±3 249
unc-40(e1430); unc-5(e53) seu-1(ev529) 46±3 82±2 375
unc-6(ev400) 45±4 82±3 235
seu-1(ev520) unc-6(ev400) 46±4 80±3 187
seu-1(ev529) unc-6(ev400) 47±4 84±3 267
a Standard errors calculated as previously described (Hedgecock et al., 1990).
⁎ pb0.05.
⁎⁎ pb0.001.
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dorsal migration phase, identical to those seen in unc-5, -6, or
-40 mutants, occurred in only 3% of animals (15/1030 total
anterior and posterior gonad arms), compared to 0% in wild-
type (N2; nN500). This defect was less frequently observed in
seu-1(ev572) (1/400) and was not observed in seu-1(ev529)
(n=1000; Table 1). In contrast to seu-1, null mutations in unc-6
or unc-5 cause this type of DTC migration defect in N80% of
worms (Hedgecock et al., 1990; Merz et al., 2001).
To examine further the role of seu-1 in DTC migrations,
double mutant strains containing combinations of seu-1 and
unc-5 mutations were scored for defects in the ventral-to-dorsal
second migration phase. Double mutants of either seu-1(ev520)
(Figs. 2C, D) or seu-1(ev529) with the hypomorphic unc-5
(ev585) allele (Merz et al., 2001) had significantly more DTC
migration defects than unc-5(ev585) alone (pb 0.001; Table 1).
In addition, double mutants of seu-1 and the null unc-5(e53)
allele exhibited significant (pb0.05) increases in the frequency
of DTC defects relative to unc-5(e53) alone (Table 1).
We also examined unc-40; seu-1 double mutants and triple
mutants of unc-40, unc-5, and seu-1. In contrast to the strong
enhancement of unc-5, seu-1 mutations caused small or no
increases in the penetrance of DTC migration errors in unc-40;
seu-1 double mutants compared to unc-40 alone (Table 1). A
statistically significant increase was observed only in the
anterior DTC in unc-40; seu-1(ev529) double mutants
(p=0.045). The frequency of DTC migration defects in double
null mutants of unc-40 and unc-5 is equivalent to that of unc-6
null alleles (Hedgecock et al., 1990; Merz et al., 2001) and was
not significantly different from a triple mutant strain of unc-40;
unc-5 seu-1 (Table 1). Similarly, the frequency of DTCFig. 2. seu-1 enhances unc-5 DTC migration defects. unc-5 mutations cause the f
longitudinal first and third phases intact. As a result, the proximal and distal arms of th
is visible as a ventral clear patch anterior and/or posterior to the mid-body. For all pan
hermaphrodite. The arrowhead indicates the vulva at the ventral mid-body. The s
morphology are grossly normal (shown). DTC migration defects are observed in b2%
of migration of the anterior and posterior DTCs from the ventral mid-body (arrowh
second ventral-to-dorsal migration phase, resulting in a clear ventral patch. In the an
type (inset). The white arrow indicates the position at which the DTC normally mig
(ev585); seu-1(ev520) shown) DTC migration defects are increased in frequency r
migrations are defective (inset).migration defects in seu-1 unc-6(ev400) double mutants was
not significantly different from unc-6 alone (Table 1). We
conclude that the role of seu-1 in DTC migrations is limited to
the UNC-6/netrin guidance system. In addition, the significant
enhancement of defects observed in double mutants of seu-1
and a unc-5 null allele suggests that the function of seu-1 is
largely dependent upon the unc-40 gene.ailure of the dorsal-to-ventral second phase of DTC migration, but leave the
e gonad are positioned ventrally and the intestine is pushed dorsally. This defect
els, anterior is at the left and dorsal at the top. (A) Ayoung adult wild-type (N2)
cale bar represents 75 μm. (B) In seu-1(ev520), DTC migrations and gonad
of worms (not shown). The inset depicts with black arrows the triphasic pattern
ead). (C) unc-5 mutations (unc-5(ev585) shown) cause frequent failures in the
imal shown, the posterior DTC migration is defective while the anterior is wild-
rates from ventral to dorsal. (D) In a unc-5; seu-1 double mutant strain (unc-5
elative to unc-5 alone. In the animal shown, both anterior and posterior DTC
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The seu-1 gene was genetically mapped close to bli-6 on
LGIV (Colavita and Culotti, 1998), and injection of YAC and
phage derivatives from this region (Fig. 3A), including a 9.5 kb
XbaI genomic DNA fragment (pZH74) rescued seu-1 mutants,
i.e. restored the dorsally oriented axonal projections of the touch
neurons in the evIs41[mec-7::unc-5]; seu-1 background. One
complete ORF was identified in the rescuing clones but not in
overlapping or smaller clones that failed to rescue seu-1. This
corresponded to the predicted gene Y73B6BL.5 (C. elegans
Sequencing Consortium).
The 5′ end of an seu-1 transcript could be amplified by
RT-PCR using primers corresponding to either SL1 or SL2
trans-spliced leader sequences, suggesting that seu-1 can be
transcribed either as a unique (SL1 spliced) mRNA transcript
or as part of a poly-cistronic transcript (SL2 spliced; Spieth et
al., 1993). Sequencing of λEH11 revealed an upstream ORF
predicted to end b400 bp from the start of seu-1. Although
no further seu-1 sequence was obtained using 5′ RACE, a
larger, poly-cistronic RNA message could be detected by RT-
PCR using primers situated in seu-1 and in the coding
sequence of the gene immediately upstream (data not shown).
The upstream genes are not necessary for rescue of seu-1
mutants as none are complete within the rescuing 9.5 kb
XbaI fragment (pZH74) and because transgenes containing
only seu-1 coding sequence can rescue seu-1 mutants (see
below).Fig. 3. The seu-1 gene encodes novel proteins. (A) seu-1 was rescued by injection
mapped close to bli-6 on LGIV and was rescued by injection of YAC fragment yAD
which contains the seu-1 gene and 3.5 kb of upstream DNA, including part of the ups
genomic clones. Alternative splicing in exon 7 yields the seu-1A and seu-1B transcript
of alternative splicing. The C-terminus of SEU-1B is shown at the bottom. Bipart
complexity are in blue and the charged central domain is in red. (D) Schematic of pr
acid regions and numbers indicate predicted bipartite nuclear localization sequences.
amino acids in this region.Through alternative splicing, the seu-1 gene produces two
mRNA transcripts detectable by RT-PCR (Fig. 3B). seu-1A
encodes a predicted protein of 672 amino acids, while seu-1B
encodes a protein of 571 amino acids (Fig. 3C). The two
predicted proteins are identical for the first 460 amino acids
(exons 1–6) and differ only at their C-termini. The SEU-1A and
SEU-1B isoforms are predicted to contain, in common, five
bipartite nuclear localization sequences (amino acids 61–78,
197–214, 221–238, 235–252, and 397–414), an acidic
(aspartate and glutamate rich) central domain (amino acids
321–383), and a C-terminal proline-rich region. The shorter
SEU-1B isoform also contains an additional nuclear localization
sequence (amino acids 536–553) in the C-terminal region (Figs.
3B, C). The predicted SEU-1 proteins have no overall sequence
homologies to other known proteins. However, amino acids
317–565 of SEU-1A have weak similarity (by Pfam) to human
YL1, a DNA-binding protein and putative transcription factor
(Horikawa et al., 1995).
Nonsense mutations were identified in two of the three
reported seu-1 alleles (Colavita and Culotti, 1998). Both the
ev520 (R191STOP) and ev529 (Q630STOP for SEU-1A;
Q514STOP for SEU-1B) alleles contain mutations predicted
to truncate the products of both the seu-1A and seu-1B
transcripts. These results, in addition to the prior observation
that seu-1(ev520) over a deficiency (stDf8) did not appear to be
any more severe than seu-1(ev520) for Unc-ness or body length
defects (Colavita and Culotti, 1998), suggest that this mutation
causes a severe or a complete loss of function of seu-1.of genomic clones into the evIs41; seu-1(ev520) strain. seu-1 was genetically
4, genomic phage clone lambdaEH11, and the phage clone derivative pZH74,
tream gene. (B) Gene structure of seu-1 as determined from RT-PCR, cDNA, and
s. (C) Predicted SEU-1 amino acid sequences. Small arrowhead indicates the site
ite nuclear localization sequences are underlined. Regions of low amino acid
edicted SEU-1A and SEU-1B proteins. Letters represent homopolymeric amino
The charged central domain is represented as D/E/K for the three most common
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The pattern of expression of seu-1 was examined using a
reporter gene in which GFP is fused in frame to exon 7 of seu-
1A under the control of 4 kb of upstream regulatory sequence.
seu-1A::GFP was expressed in a dynamic pattern throughout
development and was restricted to nuclei (Fig. 4). GFP was
detected in all nuclei of the early embryo until the comma stage
(Fig. 4A), after which it was restricted mainly to the muscle
cells of the body wall and pharynx of the embryo. Muscle
expression persisted until late larval stages. In larval and adult
animals, strong expression was also observed in the intestinal
cells, lateral hypodermal (seam) cells, Pn.p ventral hypodermal
cells, and spermatheca (Fig. 4B). Faint and sporadic expression
was observed in the ventral nerve cord (L4 and adult) and DTCs
(late L3). Expression within the DTCs was observed during the
ventral-to-dorsal second and longitudinal third migration phases
(Figs. 4C, D) and was never observed during the first migration
phase. This temporal pattern of seu-1::GFP expression in the
DTCs is identical to that of unc-5 reporter constructs (Su et al.,
2000). This temporal pattern of unc-5 regulation has been
shown to play a critical role in the initiation of the ventral-to-
dorsal second DTC migration phase (Su et al., 2000).
Unambiguous expression in the touch neurons was not
observed. However, because seu-1 is also expressed from an
operon, it remains possible that there is expression in addition to
what we have observed with the reporter gene.
The products of the seu-1 gene could act in the touch
neurons themselves or in the surrounding tissues. seu-1A and
seu-1B cDNAs were placed behind the same mec-7 promoter
used to express UNC-5 ectopically in the touch neurons. When
injected into the seu-1(ev520); evIs41 background, neither an
mec-7::seu-1A (0/3 stable lines; 50 ng/μl) nor an mec-7::seu-
1B (0/3 stable lines; 50 ng/μl) transgene alone could restore theFig. 4. Expression pattern of seu-1::GFP reporter construct. (A) seu-1::GFP was ex
larvae, GFP was expressed in muscle, intestine, lateral hypodermal cells, and nervous
DIC image of an L4 DTC in the middle of the third migration phase. (D) GFP express
nucleus. Scale bars represent (A) 7 μm, (B) 30 μm, and (D) 10 μm.dorsally projecting axons indicative of UNC-5 function in the
touch neurons. However, injection of a combination of mec-7::
seu-1A and mec-7::seu-1B constructs (6/6 lines; 25 ng/μl each)
was sufficient to restore the dorsally directed axonal projections
caused by ectopically expressed UNC-5 (Fig. 5). Two lines
were scored in detail and found to exhibit a higher frequency of
dorsalized axonal projections than evIs41 alone (Table 2). This
result raises the possibility that high levels of SEU-1A+B can
cause dorsalized touch neuron axons in the absence of unc-5.
However, injection of mec-7::seu-1A and mec-7::seu-1B into an
mec-7::lacZ strain (evIs55) did not cause dorsally directed
projections even when injected at a higher concentration (Table
2). Thus, seu-1 can act cell autonomously in the UNC-5-mediated
ventral-to-dorsal guidance of the touch neuron axons, provided
that both the seu-1A and seu-1B transcripts are expressed.
Furthermore, the presence of high levels of SEU-1A+B may
stimulate or facilitate the function of UNC-5.
We carried out a similar test of cell autonomy with the DTCs.
seu-1A and seu-1B cDNAs were expressed under the control of
a 2.6 kb fragment of unc-5 promoter that drives expression
within the DTCs at the time of ventral-to-dorsal turning (Merz
et al., 2001). As with the touch neurons, we find that expression
of both seu-1A and seu-1B causes a significant reduction in the
frequency of posterior DTC defects in the unc-5(ev585) seu-1
(ev520) background. Neither seu-1A nor seu-1B on its own had
this effect.
Interactions between seu-1 and unc-40 in touch neurons and
DTCs
seu-1 mutations share several properties with mutations in
unc-40, including suppression of mec-7::unc-5 growth cone
errors, reductions in body length, and enhancement of unc-5
DTC migration defects. If UNC-40 is a target of regulation bypressed in all nuclei of the early embryo until the comma stage (shown). (B) In
system. (C+D) seu-1::GFPwas expressed in the migrating DTCs (arrow). (C) A
ion in the nucleus of the same DTC. Arrowhead in panel D indicates an intestinal
Fig. 5. Expression of seu-1A and seu-1B in the touch neurons restores dorsal
axons in an seu-1(ev520); evIs41 background. (A) seu-1(ev520); evIs41[mec-
7::unc-5; mec-7::lacZ] (not injected) showing axons of ALMR and AVM
projecting toward the anterior. Black arrowhead indicates the dorsal midline. (B)
seu-1(ev520); evIs41[mec-7::unc-5; mec-7::lacZ] animal carrying the extra-
chromosomal array Ex[mec-7::seu-1A; mec-7::seu-1B; rol-6]. Touch neuron
axons project to the dorsal midline (arrowheads).
Table 3
seu-1 can function cell autonomously in the DTCs
Genetic background Transgenes %DTC defects
ANT POST n
Wild-type – 0 0 Many
unc-5(ev585) – 7±2 41±3 340
unc-5(ev585) unc-5::seu-1A+B 9±2 44±3 209
unc-5(ev585) unc-5::unc-40 11±2 46±4 239
unc-5(ev585)seu-1(ev520) – 14±2 67±2 252
unc-5(ev585)seu-1(ev520) unc-5::seu-1A 12±3 65±4 141
unc-5(ev585)seu-1(ev520) unc-5::seu-1B 11±3 63±4 147
unc-5(ev585)seu-1(ev520) unc-5::seu-1A+B 11±2 45±4⁎⁎ 229
unc-5(ev585)seu-1(ev520) unc-5::unc-40 17±3 80±3⁎⁎ 162
Statistical tests versus DTC migration frequencies in the background strain
without transgenes (⁎⁎pb0.001).
Table 2
seu-1 function in touch neuron growth cone guidance
Background Additional %Dorsal
projections
Transgenes a Line Axons b n
evIs55 c [mec-7::lacZ] None – 0 165
mec-7::seu-1A+B A b1 115
B b1 142
C b1 172
mec-7::seu-1A+B
(high concentration) d
A 0 156
B b1 113
C 0 104
mec-7::unc-40 A b1 136
B b1 108
evIs41 c [mec-7::lacZ;
mec-7::unc-5]
None – 82±3 166
seu-1(ev520); evIs41
[mec-7::lacZ;
mec-7::unc-5]
None – 7±2 206
mec-7::seu-1A+B A 91±3⁎ e 94
B 98±1⁎⁎ 94
unc-40(e1430); evIs41
[mec-7::lacZ;
mec-7::unc-5]
None – 9±2 350
mec-7::seu-1A+B A 22±3⁎⁎ f 228
B 19±3⁎⁎ 192
C 14±3 111
mec-7::unc-40 A 50±5⁎⁎ 108
B 58±5⁎⁎ 107
C 51±5⁎⁎ 109
a Extrachromosomal arrays included the rol-6(su1006dm) co-transformation
marker.
b Axons of ALML, ALMR, and AVM neurons were scored in animals
carrying the rol-6(su1006dm) gene.
c Integrated transgenic strains described in Colavita and Culotti (1998).
d mec-7::seu-1A and mec-7::seu-1B were each injected at a concentration of
40 ng/ul.
e Statistical test versus evIs41 (*pb0.05; **pb0.001).
f Statistical test versus unc-40(e1430); evIs41.
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should have no effect in a unc-40 null mutant background. We
asked whether an excess of seu-1 can affect the frequency of
dorsalized touch neuron axons in a unc-40; evIs41[mec-7∷
unc-5] strain. A significantly higher frequency of dorsal pro-
jections was observed in 2/3 unc-40(e1430); evIs41 lines
carrying the mec-7::seu-1A+B transgenes compared with unc-
40; evIs41 alone (Table 2). mec-7::seu-1A+B transgenes had no
effect in the absence of ectopically expressed unc-5 (evIs55
strain). Together, these results suggest that seu-1 activity in the
touch neurons does not depend upon unc-40 and that it may act
to facilitate UNC-5 function in a UNC-40-independent manner.
As would be expected, an mec-7::unc-40 transgene was also
able to restore dorsal projections of touch neurons in a unc-40
(e1430); evIs41 background (3/3 lines) and had no effect in the
evIs55 background (2/2 lines).
We carried out the analogous experiments in the DTCs using
a unc-5::unc-40 plasmid. As previously described (Merz et al.,
2001), overexpression of extra unc-40 in the DTCs does not
affect the frequency of defects in a unc-5 mutant background
(Table 3). However, in the unc-5(ev585) seu-1(ev520) back-
ground, overexpression of unc-40 causes a significant increase
in the frequency of posterior DTC migration defects (Table 3).
This result suggests that, in the DTCs, the seu-1 mutation is
altering the function of UNC-40.
Discussion
Here we show that the seu-1 gene encodes novel nuclear
proteins that contribute to circumferential guidance of touch
neuron growth cones and gonadal leader cells of C. elegans.
Multiple guidance systems contribute to migration along the
dorsoventral axis. The growth cones of amphid sensory neurons
in C. elegans, for example, respond to at least three guidance
systems in their migrations toward the ventral midline: UNC-6/Netrin (through the UNC-40 receptor), SLIT/ROBO, and
ephrins (Zallen et al., 1999). The ventrally directed AVM
touch neuron uses both the SLIT/Robo and UNC-6/Netrin
systems (Hedgecock et al., 1990; Zallen et al., 1999). Ectopic
expression of unc-5 in the AVM, however, overrides other
circumferential guidance responses and directs the AVM growth
cone dorsally. In principle, seu-1 could act in the touch neurons
as part of a UNC-5-mediated repellant mechanism or could be a
51H. Zheng et al. / Developmental Biology 310 (2007) 44–53part of a parallel guidance system with which UNC-5-mediated
repulsion must compete. Our results with the DTCs suggest that
the role of seu-1 may be limited to the UNC-6/Netrin pathway.
If seu-1 were part of a parallel pathway, some additional effects
on DTC migrations would be expected even with the UNC-6
guidance system eliminated. Although single mutants of unc-5
were enhanced in severity of DTC migration defects by the
addition of an seu-1 mutation, double mutant strains of unc-40;
unc-5 (in which all UNC-6 signaling is abolished) or a unc-6
null were unaffected.
Mutations at the seu-1 locus strongly suppress the dorsal
projection of touch neuron growth cones that express a unc-5
transgene (Colavita and Culotti, 1998). This result suggests that
the product of the seu-1 gene is essential for repulsion of growth
cones away fromUNC-6. In contrast, commissural motoneurons
and DTCs that normally express unc-5 and are repelled dorsally
by UNC-6 are not noticeably affected by seu-1 mutations, and
the role of seu-1 in DTC migrations is significant only in
combination with mutations in unc-5 or unc-40. This difference
in function between endogenous unc-5 and transgenic unc-5 is
typical of Seu mutations. For example, unc-40 is also more
strongly required for UNC-5 function in the touch neurons than
in motoneurons or DTCs (Merz and Culotti, 2000), and unc-6
mutations, though normally recessive for axon guidance or cell
migration defects, act as dominant suppressors of unc-5 in the
touch neuron system (Colavita and Culotti, 1998). Differences in
sensitivity to seu-1 mutations may result from the continued
activity in the touch neurons of parallel guidance systems that
compete with UNC-5, especially those that normally drive
growth cones in a ventral or anterior direction. It is also possible
that some components of the UNC-5 signal transduction
mechanism are not expressed by the touch neurons.We conclude
that SEU-1 contributes to, but is not required for repulsion away
from UNC-6 through the UNC-5 and UNC-40 receptors. In
addition, the broad expression pattern and array of phenotypes of
seu-1 mutants indicate functional roles that are not limited to
UNC-6-mediated axon guidance and cell migrations.
As the protein products of seu-1 are strongly nuclear-
localized, they are not likely to participate directly in signal
transduction events at the leading edge of the cell or growth
cone. The predicted SEU-1 proteins contain a central charged
domain and several homopolymeric stretches of amino acids.
Although SEU-1A has significant similarity to human YL1, a
DNA-binding putative transcription factor (Horikawa et al.,
1995), alternative splicing disrupts this region in SEU-1B. SEU-
1 joins a list of putative transcriptional regulators containing
regions of low amino acid complexity with or without DNA-
binding domains. For example, the brakeless (bks) gene of
Drosophila regulates axonal targeting of photoreceptor growth
cones to specific layers of the optic lobe (Rao et al., 2000; Senti
et al., 2000). Unlike seu-1, the predicted Bks proteins contain a
putative zinc finger domain. The C. elegans sop-3 gene, which
does not contain a recognizable DNA-binding domain,
regulates Hox gene expression in a neuroectodermal cell
lineage (Zhang and Emmons, 2001). Drosophila brinker (brk)
encodes a transcriptional repressor with multiple nuclear
localization signals and a large charged domain, acting in theDpp/Bmp signaling pathway (Campbell and Tomlinson, 1999;
Jazwinska et al., 1999; Hasson et al., 2001). The SEU-1 proteins
could also function as indirect modulators of transcription or
splicing factor activity, analogous to the nuclear NLI/Ldb1/Chip
proteins (Jurata et al., 1996), which bind and regulate the
activities of LIM-homeodomain transcription factors (van
Meyel et al., 2000) implicated in neuronal identity and axonal
guidance.
seu-1 is distinct from genes such as mec-3 or unc-86
encoding transcription factors needed for the differentiation or
identity of the C. elegans touch neurons (Duggan et al., 1989).
In an seu-1 mutant background, touch neurons continue to
mediate responses to mechanical stimulation and to express
mec-7 transcriptional reporter genes. One simple hypothesis is
that seu-1 regulates growth cone responses through the
expression of guidance receptors or other cytoplasmic signaling
molecules, and in principle any of the suppressors of ectopic
unc-5 class of genes that act cell autonomously in the touch
neuron are candidate targets of SEU-1 regulation. We have
examined the possibility that the target of SEU-1 regulation is
the UNC-40 receptor subtype as unc-40 is also an Seu gene that
acts cell autonomously in the touch neurons (Chan et al., 1996;
Colavita and Culotti, 1998). In vitro studies of neurons from
vertebrates have also suggested that the dual role of UNC-40/
Dcc (attraction versus repulsion) can be “switched” by
cytoplasmic cyclic nucleotide levels (Ming et al., 1997; Song
et al., 1998) and by extracellular matrix proteins (Höpker et al.,
1999). However, our results suggest that the role of seu-1 in
UNC-5-mediated repulsion of touch neuron growth cones does
not depend on unc-40 as overexpression of an seu-1 transgene
increased the frequency of dorsalized axons in the ectopic
UNC-5 strain even in the absence of unc-40. This result does
not rule out the possibility that UNC-40 is one of multiple
regulatory targets downstream of SEU-1, but it does argue that
unc-40 cannot be the sole target in the touch neurons. The
situation in the DTCs may be different because seu-1 strongly
enhanced migration defects of a unc-5 null mutant but had
comparatively weak effects on a unc-40 null mutant. In
addition, the enhancement of unc-5 DTC migration defects by
seu-1 was further increased by the overexpression of unc-40.
We interpret this result as evidence that SEU-1 contributes to the
correct function of UNC-40 in the DTCs. Further studies will be
necessary to determine how UNC-40 function is affected by
seu-1 mutations and to identify additional downstream targets
of SEU-1 during cell and growth cone migrations.
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